MAPK (mitogen-activated protein kinase) signalling pathways contribute to the regulation of diverse responses, including normal and pathological aspects of cell growth, division, differentiation and death. Their ubiquity and versatility raise the issue of how they achieve specific coupling of signal with cellular response. How do the kinases in the cascade distinguish their correct substrates from the vast excess of incorrect substrates? Furthermore, how do different signals elicit distinct responses when they are transmitted by the same components? This short review highlights several mechanisms that can promote specificity in MAPK signalling, including tethering interactions between MAPKs and their substrates and regulators mediated by docking sites, feedback loops and cross-pathway regulatory circuits, and the selective activation of scaffold proteins.
Introduction
Specificity in cellular signal transduction is achieved by multiple mechanisms. First and foremost, as in all other cellular processes, the pre-eminent mechanism of biochemical specificity is molecular recognition: the 'lock-and-key'-like complementary of interacting protein regions [1] . This paradigm can explain why X transmits a signal to Y but not to Z. But pairwise, high-fidelity protein-protein interactions are insufficient to account for some of the most puzzling aspects of signalling specificity, such as how protein kinases distinguish their correct substrates from a vast excess of incorrect substrates that contain similar target residues, or how different signals transmitted by the same components elicit distinct responses. These issues apply to most cell signalling pathways, but are particularly prominent in MAPK (mitogen-activated protein kinase) signalling. The present review highlights recent progress in understanding these issues. In keeping with the format of works in this journal, we focus on our own contributions in relation to overall progress in the field.
MAPK cascades in yeast and mammals
MAPK cascades are found in almost all eukaryotic organisms, including animals, fungi and plants. The MAPK cascade is a set of three sequentially acting protein kinases [2] . Starting from the bottom of the cascade and working back up, there is a MAPK [also termed ERK (extracellular-signal-regulated kinase)], which is phosphorylated and thereby activated by an MEK [MAPK/ERK kinase; also known as MAP2K (MAPK kinase) or MKK (MAPK kinase)]. MEK activity is regulated by phosphorylation by the topmost member of the module, an MEKK [MEK kinase; also known as MAP3K (MAPK kinase kinase)], which itself is regulated by upstream signals. Activated MEKs phosphorylate their cognate MAPKs on a TXY submotif located in the MAPK activation loop; as a result, MAPK catalytic activity is increased by over 5000-fold [3] . Activated MAPKs phosphorylate targets including transcription factors, other kinases and other enzymes. Activated MAPKs are dephosphorylated and thereby deactivated by a battery of protein phosphatases [4] , some of which are dedicated MKPs (MAPK phosphatases). Scaffolds proteins often assist in MAPK activation by binding to the MAPKs and other components of the cascade.
Most species possess multiple parallel MAPK cascades. In mammalian cells, four MAPK pathways have been well characterized; these are (here named after their MEK → MAPK core) the MEK1/2 → ERK1/2 module, the MKK4/7 → JNK (c-Jun N-terminal kinase) module, the MKK3/4/6 → p38 module and the MEK5 → ERK5 module [5] . In general, ERK1/2 and ERK5 tend to regulate mitogenic and developmental responses to hormones, growth factors and morphogens, while JNK and p38 regulate stress and inflammatory responses. This is just a tendency and not a rule, however.
The yeast Saccharomyces cerevisiae contains three fully elaborated MAPK cascades: the Mkk1/2 → Slt2, Pbs2 → Hog1 and Ste7 → Fus3/Kss1 cascades [6] . Mpk1 MAPK regulates the integrity of the yeast cell wall, and Hog1 MAPK regulates the response to high osmolarity and various other stresses [6] . Fus3 MAPK and Kss1 MAPK both participate in the mating pheromone response, with Fus3 playing the major role [7, 8] . In addition, Kss1 regulates aspects of the filamentous invasive growth programme [9] .
MAPKs are proline-directed serine/threonine kinases; thus they phosphorylate the serine or threonine in the dipeptide motif S/T-P. Although there is some preference for leucine at -1 and proline at -2 or -3 relative to the phospho-acceptor [10] , many physiological target sites do not match the 'optimal' consensus. Thus the minimal MAPK target site is simply S/T-P. This is problematic, as the sequence S/T-P is found in approx. 80% of all proteins, and is therefore clearly insufficient to dictate whether or not a particular protein is a MAPK substrate. Furthermore, all MAPKs appear to prefer the S/T-P target site, but not all MAPKs phosphorylate the same substrates. With regard to MEK-MAPK recognition, studies have shown that the MAPK activation loop sequence cannot be the sole determinant of specificity in MEK → MAPK transactions [11, 12] .
MAPK-docking interactions
What provides selectivity in kinase-substrate transactions when the target site is not enough?
Our work has contributed to the idea that modular, adhesive protein-protein interactions, mediated by regions designated 'docking sites', enhance specificity in such situations by recruiting low-specificity catalytic domains to their proper substrates, and by promoting the formation of pathwaydedicated signalling complexes. MAPK-docking sites are short amino acid stretches, located on MAPK-interacting proteins, that bind to cognate binding regions on MAPKs to promote efficient enzymic transactions involving MAPKs, including MEK-mediated MAPK activation, MAPK-mediated substrate phosphorylation and MAPK dephosphorylation [13, 14] (see Figure 1) .
A conserved docking sites in MEKs
The first MAPK-docking sites were discovered in the yeast MAP2K Ste7
MEK and the mammalian JNK substrate c-Jun. ++++ ϕXϕ
Our discovery of the MAPK-docking site in Ste7 MEK began in 1996 with the characterization of a strikingly high-affinity (K d = 5-100 nM), stable (half-life ∼2 min) protein-protein interaction between Ste7 and its cognate MAPKs Fus3 and Kss1 [15] . This had a higher affinity and stability than would be expected for a prototypical enzyme-substrate interaction, and came at a time when many workers believed that most interactions between kinases and their substrates would be transient. Like most other MEKs, Ste7 consists of a highly conserved catalytic domain and an N-terminal extension that exhibits substantially less conservation. Unexpectedly, it was the first 20 residues of this N-terminal extension that was both necessary and sufficient for highaffinity MAPK binding [15, 16] . Scrutiny of this region revealed a motif (which we now refer to as the 'D-site') consisting of a cluster of basic residues, a short spacer with turn-forming propensity, and then two or three hydrophobic residues spaced every other residue. Database searches revealed that this motif was present in the N-terminal extensions of MEKs from organisms representative of many different eukaryotic phyla/kingdoms [16, 17] (see Table 1 ).
Mutations in residues that were conserved between Ste7 and mammalian MEKs reduced or abolished MAPK binding [16] . We thus proposed that this conserved motif might mediate MEK-MAPK interactions in many species [17] .
D-sites in human MEKs/MKKs
Consistent with the predictions made in 1996 [17] , as a result of work by others and us, functional D-sites have now been identified in MEK1 [16, 18] , MEK2 [16] , MKK3 and MKK6 [19] , MKK4 [20] , and MKK7 [21] . MEK5 does not contain a D-site, but contains a different type of MAPK-docking site consisting of a stretch of negatively charged residues [22] . Thus MAPK-docking sites are found in all seven MAP2Ks in the human genome. Interestingly, while MEK/MKKs 1-6 contain a single, relatively high-affinity docking site, MKK7 contains three low-affinity D-sites that interact to create a relatively high-affinity MAPK-docking platform [21] .
D-sites in MEKs are targets for cleavage by the lethal factor protease of Bacillus anthracis (anthrax) [23] . Lethal factor severs the D-site from the MEK's kinase domain, disrupting MEK-MAPK docking [24] . This impedes MAPKtransmitted signals important for the host response during early infection [25] .
In vitro, MEK-derived D-site peptides are able to inhibit MEK-MAPK binding and MEK-mediated MAPK phosphorylation [16, 20, 26] . In cells, the ability of MEKs to efficiently phosphorylate their target MAPKs requires the integrity of the D-site [19, 27] . However, when MEK2's Dsite was moved to its C-terminus, or replaced by an unrelated MAPK-binding domain from the Ets-1 (E twenty-six 1) transcription factor, ERK activation was largely retained [27] . These results indicate that a primary function of D-sites in MEKs is to tether their cognate MAPK near the MEK's kinase domain, rather than to precisely orient the two proteins or to allosterically regulate the MAPK.
Genetics studies in yeast have also shown that docking interactions are crucial for efficient signalling [16, 28, 29] , and suggest that a network of docking site-mediated interactions has been conserved from yeast to humans [29] .
Docking sites in other proteins
Contemporaneously with our finding of the D-site in Ste7 MEK , Karin and co-workers [30] delineated a short motif within the δ domain of c-Jun that promoted JNK/c-Jun binding and JNK-mediated phosphorylation of Ser 63 and Ser 73 in c-Jun [30] . In 1997, JIP-1, a JNK-binding protein later shown to function as a JNK-pathway scaffold, was cloned by Davis's laboratory, and its 'JNK-binding domain' was identified [31] . In 1998, Sharrocks's laboratory group identified a MAPK-docking site in the transcription factor Elk-1 (which they dubbed the 'D-domain') [32] , and Pulido et al. [33] found a 'kinase-interaction-motif' in two ERK-regulating protein tyrosine phosphatases [33] . It soon became clear that these different MAPK-docking sites shared a core consensus motif, (K/R) 1−3 -X 1−6 -ϕ-X-ϕ (where ϕ is a hydrophobic residue). As stated above, we now refer to MAPKdocking sites that match this consensus as 'D-sites', after docking site/δ domain/D-domain.
Over the past decade, D-sites have been found in many MAPK kinases, substrates, phosphatases and scaffolds (see Table 1 ). Do these D-sites, found in disparate MAPK-binding proteins, compete for binding to the same region of their cognate MAPKs? Consistent this hypothesis, we found that peptide versions of the D-sites from MEKs, scaffold proteins, MKPs and transcription factor substrates all inhibited MEK-MAPK binding; in addition, these peptides also inhibited MEK-mediated MAPK phosphorylation, MKP-mediated MAPK dephosphorylation and MAPK-mediated phosphorylation of D-site-containing substrates [20, 21, 26] . Mutagenesis studies and crystal structures of MAPKs bound to D-site peptides also indicate that various D-sites bind to the same region of their cognate MAPKs: the basic residues of the D-site makes electrostatic contacts with two closely spaced acidic patches on the MAPK surface [28, 29, [34] [35] [36] , while the hydrophobic residues of the D-site partially bury themselves within a nearby cluster of three hydrophobic pockets [28, 35, 37] .
In addition to D-sites, other classes of MAPK-docking site exist [38] . Notable is the FXFP (Phe-Xaa-Phe-Pro) site identified by Kornfeld and co-workers [39] , which binds to a different region of MAPKs than the D-site does [40] .
Selectivity of docking interactions
Do D-sites bind selectively to their cognate MAPKs, binding poorly or not at all to non-cognate MAPKs? We have begun to explore this question for the D-sites in MEKs. In protein binding assays, JNK MAPKs do not bind to the MEK1 and MEK2 N-terminal domains or to their isolated D-sites [16, 20] . However, ERK2 did bind somewhat to MKK4, and this 'non-cognate' interaction required the D-site in MKK4 [20] . Thus MKK4 and ERK2 are not completely specific for within-pathway docking interactions. Peptide inhibition experiments allow docking specificity to be quantified: selectivity can be quite good (20-30-fold for MKK4 versus MEK1-derived D-site peptide inhibition of JNK2) or not so good (2.3-fold for MEK1 versus MKK4-derived D-site peptide inhibition of ERK2) [20, 21] . Thus the specificity of D-site-mediated interactions is quantitative rather than qualitative: it is limited in some cases.
Specificity in networks that share components
In yeast, elements of the same MAPK cascade regulate the mating and filamentous invasive growth differentiation programmes, as well as the response to osmotic stress [41] (Figure 2 both mating and invasive growth. Despite this sharing of key components, the three pathways are well insulated from one another: exposure of cells to mating pheromone does not result in the hyperactivation of stress response genes, for example. Clearly there are many interesting specificity issues in this system, some of which are: (i) Ste11 MEKK is activated by all three pathways, yet activates Ste7
MEK during mating and invasive growth, and Pbs2 MEK during stress [41] . (ii) Ste7 is activated during mating and invasive growth, and activates both Fus3 MAPK and Kss1 MAPK during mating, but only Kss1 during invasive growth [8, 42] .
(iii) Although Kss1 is activated both during mating and during invasive growth, it only up-regulates invasive growth genes during the latter response [8] .
What prevents Kss1 MAPK from leaking out of the mating pathway? [This is issue (iii), above.] Fascinatingly, the evidence indicates that active Fus3 MAPK prevents Kss1 from activating invasive growth genes, and does so by two mechanisms. First, Fus3 limits the magnitude and duration of Kss1 activation by phosphorylating an unknown upstream substrate(s) to initiate a negative-feedback circuit; in the absence of Fus3, the initial activation of Kss1 is stronger and stays on longer [8] . Secondly, in a mechanism dubbed cross-pathway inhibition, active Fus3 phosphorylates Tec1 (a transcription factor mediating Kss1 regulation of invasive growth genes), resulting Tec1's ubiquitination and degradation [43] [44] [45] . Thus, in the absence of Fus3 activation, there is both an abundance of Tec1 complexes and an abundance of active Kss1 to up-regulate them.
What prevents invasive growth and stress signals from leaking into the mating pathway? [This is an aspect of issues (i) and (ii), above.] One popular model for pathway insulation suggests that scaffold proteins, which bind to multiple components of a given pathway, may prevent their bound components that are shared with other pathways from straying into those pathways, and protect them from intrusions from those pathways. In theory, this mechanism requires that the shared kinase be deactivated at a higher rate than the rate at which it moves on/off the scaffold [46] . However, our recent studies indicate that this might not be true for the mating pathway scaffold Ste5: Ste11 activated on Ste5 during mating can apparently either (i) dissociate from Ste5 and then activate Ste7, or (ii) activate Ste7 molecules that are not themselves scaffold-bound [47] .
Furthermore, if Ste5 acts as a passive barrier to prevent leaking into the mating pathway during the stress and invasive growth responses, then such leaking should increase in the absence of Ste5. However, we found that the opposite is true: leaking into Fus3 actually decreases in ste5 knockout strains, and can be increased by expressing a constitutively active allele of STE5 [47] . Indeed, Fus3 activation, either by authentic or leaky signals, strictly requires Ste5 (whereas Kss1 activation does not) [47, 48] . To account for these observations, we proposed a new model in which specificity is promoted by the 'selective activation' of the Ste5 scaffold protein. In this model, Ste5 is inactive in resting cells, and is only in a conformation and/or location capable of channelling signals to Fus3 during mating. As such, the Ste5-Fus3 interaction acts as a coincidence detector or molecular 'AND gate', allowing Fus3 to ignore leaking signals most of the time [47] .
